Stimulated Brillouin scattering (SBS) is a very fundamental interaction between light and travelling acoustic waves [1, 2] , which is mainly attributed to the electrostriction and photoelastic effects with the interaction strength being orders of magnitude larger than other nonlinearities. Although various photonic applications for alloptical light controlling based on SBS have been achieved in optical fiber and waveguides [3] [4] [5] [6] , the coherent light-acoustic interaction remains a challenge. Here, we experimentally demonstrated the Brillouin scattering induced transparency (BSIT) in a high quality optical microresonantor. Benefited from the triple-resonance in the whispering gallery cavity, the photon-phonon interaction is enhanced, and enables the light storage to the phonon, which has lifetime up to 10 µs. In addition, due to the phase matching condition, the stored circulating acoustic phonon can only interact with certain direction light, which leads to non-reciprocal light storage and retrieval. Our work paves the way towards the low power consumption integrated all-optical switching, isolator and circulator, as well as quantum memory. [6] . Recently, great progresses have been achieved by incorporating the SBS into photonic integrated chips. On the one hand, the experimentally demonstrated on-chip SBS [7] , where the tightly confinement of fields in the compact integrated devices, has greatly enhanced the SBS interaction [8] . And new physics at nanoscale that giant enhancement of SBS due to radiation pressures or boundary-induced nonlinearities have also been revealed [8, 9] . On the other hand, the SBS have been demonstrated in whispering gallery microresonators, such as silica microsphere [10] and disk [11] , crystalline cylinders [12] . Around the equator of the microresonators, optical and acoustic waves circulating along the surface, form ultrahigh quality factor whispering gallery modes (WGMs). Benefited from the high quality (Q) factor and small mode volume, the SBS is greatly enhanced when pump, Stocks/anti-Stocks and acoustic modes are triply on-resonance. This opens new * Electronic address: chunhua@ustc.edu.cn † Electronic address: clzou321@ustc.edu.cn opportunities for coherent light-acoustic interactions in integrated chips. In last few years, low threshold Brillouin lasers [12] , Brillouin optomechanics [13, 14] and Brillouin cooling [15, 16] have been reported in such triple-resonance WGMs.
Stimulated Brillouin scattering (SBS) is a very fundamental interaction between light and travelling acoustic waves [1, 2] , which is mainly attributed to the electrostriction and photoelastic effects with the interaction strength being orders of magnitude larger than other nonlinearities. Although various photonic applications for alloptical light controlling based on SBS have been achieved in optical fiber and waveguides [3] [4] [5] [6] , the coherent light-acoustic interaction remains a challenge. Here, we experimentally demonstrated the Brillouin scattering induced transparency (BSIT) in a high quality optical microresonantor. Benefited from the triple-resonance in the whispering gallery cavity, the photon-phonon interaction is enhanced, and enables the light storage to the phonon, which has lifetime up to 10 µs. In addition, due to the phase matching condition, the stored circulating acoustic phonon can only interact with certain direction light, which leads to non-reciprocal light storage and retrieval. Our work paves the way towards the low power consumption integrated all-optical switching, isolator and circulator, as well as quantum memory.
Stimulated Brillouin Scattering (SBS) in fiber and waveguide has stimulated various photonic applications in past decades [1, 2] , such as light storage [3] , slow light [4] , laser [5] and optical isolator [6] . Recently, great progresses have been achieved by incorporating the SBS into photonic integrated chips. On the one hand, the experimentally demonstrated on-chip SBS [7] , where the tightly confinement of fields in the compact integrated devices, has greatly enhanced the SBS interaction [8] . And new physics at nanoscale that giant enhancement of SBS due to radiation pressures or boundary-induced nonlinearities have also been revealed [8, 9] . On the other hand, the SBS have been demonstrated in whispering gallery microresonators, such as silica microsphere [10] and disk [11] , crystalline cylinders [12] . Around the equator of the microresonators, optical and acoustic waves circulating along the surface, form ultrahigh quality factor whispering gallery modes (WGMs). Benefited from the high quality (Q) factor and small mode volume, the SBS is greatly enhanced when pump, Stocks/anti-Stocks and acoustic modes are triply on-resonance. This opens new * Electronic address: chunhua@ustc.edu.cn † Electronic address: clzou321@ustc.edu.cn opportunities for coherent light-acoustic interactions in integrated chips. In last few years, low threshold Brillouin lasers [12] , Brillouin optomechanics [13, 14] and Brillouin cooling [15, 16] have been reported in such triple-resonance WGMs.
In this study, we demonstrated coherent Brillouin scattering induced transparency (BSIT) and non-reciprocal light storage in a silica microsphere resonator. Placing a strong optical control field on the low frequency optical WGM, coherent interaction between acoustic and the other optical WGMs induces a transparency window for the probe light, which is on resonant with another WGM. Different from the optomechanically induced transparency (OMIT) that have been observed in a variety of optomechanic systems [17, 18] , two optical modes are on resonance with forward Brillouin acoustic mode in BSIT. Based on the BSIT, a number of remarkable coherent or quantum optical phenomena are possible, such as light storage, dark modes and frequency conversion [19] [20] [21] . Especially, we have demonstrated the non-reciprocal light storage by the SBS, which is potential for quantum memory. These results make the SBS be great candidate for classical and quantum information processing in photonic integrated circuits.
In a silica microsphere resonator, there are optical and acoustic whispering gallery modes (WGMs), which propagate along the surface [ Fig. 1(a) ]. Both optical and acoustic WGMs are quantized by the orbit angular momentum m. When the acoustic WGM (a) and two optical WGMs (c and d) satisfy the energy and momentum conservations that ω a = ω d −ω c and m a = m d −m c , photons can be scattered between the optical resonances through Brillouin scattering [13] . In this work, we focus on the forward SBS that m c and m d are with the same sign, and both optical modes are coupling to tapered fiber, as depicted in Figs. 1(a) and 1(c). As schematically shown in Fig. 1(b) , SBS of the pumping on the optical mode with lower frequency (ω c ) leads to phonon absorption and anti-Stocks photon generation (ω c +ω a ), while the Stocks process is inhibited. In reverse, the probe light around ω d generates phonons and Stocks photons.
We firstly study the SBS by only pump laser around ω c . We choose a silica microsphere with radius of 98µm, and find a triple-resonance around wavelength 1562 nm. The scattered anti-Stocks light is detected by measuring the beating signal between the pump and scattered light, and the corresponding spectral line is monitored by an electrical spectrum analyzer, as shown in Fig. 1 kHz (Q ≈ 10600). The acoustic WGM is also verified by measuring the Stocks scattering [see Fig. S1 ]. From the numerical simulation by finite element method, the orbit angular momentum of acoustic WGM is identified by m a = 6 [Inset of Fig.1(d) ]. Considering the interaction of forward SBS in the triple-resonance system, the Hamiltonian can be written as
where a, c, d are Boson operators of acoustic and optical modes [ Fig. 1(b) ]. We should note that the vacuum SBS strength g is nonzero only when the three modes are traveling along the same direction. The energy diagram of the system is illustrated schematically in Fig.  2 (a), where energy levels are described by phonon and photon Fock state |n a , n c , n d , where n a(c,d) is phonon (photon) number. The SBS is a parametric process which induces the transitions between |n a , n c , n d + 1 and |n a + 1, n c + 1, n d , leads to Boson annihilation and creation of all three modes. The pump and probe lights induce the transitions that change the photon number of c or d mode, described by the Hamiltonian
Here, ǫ l is strong control laser with frequency ω l driving on optical mode c, and ǫ p is weak probe light with frequency ω p coupling to mode d [ Fig. 1(b) ]. κ c,1 and κ d,1 are the coupling strength of modes c and d to the waveguide, respectively.
The vacuum SBS strength g is very weak compared to photon dissipation rate κ c,d , thus the c mode is pumped to enhance the interaction between phonon a and photon d, just as people usually do in the difference frequency generation or sum frequency processes in nonlinear optical χ (2) processes. For the mean field c = √ N c = √ κc,1ǫ l −i∆c−κc with ∆ c = ω c − ω l , the total Hamiltonian is simplified in rotating frame as
where detuning δ = ω p − ω l − ω a and ∆ = ω a + ω l − ω d . For a probe laser is near-resonance with |n a , n d and |n a , n d + 1 , the model assembles the well-known electromagnetic induced transparency in Λ-type atom. The similar steady state intracavity power spectrum is solved as
The intracavity power of optical mode d is modified by the coherent photon-phonon interaction, giving rise to to evaluate the coherent interaction strength, and C ≫ 1 is preferred for high fidelity information processing.
To verify the BSIT in our system, we probe the cavity transmission spectrum in the presence of a control beam. The probe light is generated from the modulated control laser by EOM, which is modulated at frequency Ω. The measured total heterodyne signal with the modulation frequency Ω using a network analyzer allows extracting intracavity power, which is directly related to the probe transmission [Supplementary Information]. In Figs. 2(c) -(e), we investigate the dependence of the transparency window on the detuning ∆ by adjusting ω l with fixed pumping power P = 300 µW. The shift of transparency window follows the triple resonance condition when δ = 0, and the asymmetric Fano-type lineshapes are in good agreement with theoretical model [Eq. (3)]. We estimate the C = 5.9, 0.75, 0.27 for ∆ = 1.3, 0, −1.3 MHz. The strongest coupling rate isn't at the detuning ∆ = 0, because of the triple-resonance condition is not exactly satisfied as ω d − ω c − ω a ≈ 1.3 MHz. Further studies of BSIT dip at ∆ = 0 are shown by Fig. 3(f) , for pump power varying from 180 µW to 350 µW. Dips of increasing depth and width are observed, which can be fitted by a simple Lorentz function. From Eq. 3, the expected linewidth is linearly increasing with C relationship as (1 + C)γ a , and the minimum intracavity power of the BSIT is given by 1 (1+C) 2 . However, we find the C is not proportional to the input power, due to the thermal effect that changed the triple-resonance condition.
Owing to the coherent SBS interaction, the coherent conversion between phonon and acoustic phonon could be used for light storage. Especially, the phase matching conditions of the triple-resonances breaks the reversal of light propagation. Different from previously studied radiation and gradient forces driven optomechanics, where mechanical vibrations could couple to a variety of optical modes, the Brillouin scattering is only possible for specific mode satisfied energy and momentum conservation conditions. For example, the input clockwise (CW) pump laser only permits the interaction between CW acoustic phonon and photon, while the counter-clockwise (CCW) probe light or acoustic wave is not affected by SBS. To verify this non-reciprocity, we have studied the light storage for CW or CCW signal input with fixed CW pump light, as shown in Fig. 3(a) . As evident from the plot, the CW propagating signal (Black line) is stored and retrieved after 3 µs. During the writing pulse, the measured signal is decreased by the time beacuse of the dynamical beahvior of BSIT, and similar phenomenon has been reported of breathing mode in Ref. [22] . After the writing pulse, the decay time of the emission power is calculated with 14 µs (Green dashed line in Fig. 3(a) ), which is corresponding to the mechanical linewidth of 15 kHz. For the CCW launched signal (Red line), there is no light retrieval during the reading pulse. It's worth noting that the flat signal in writing pulse is derived from the reflected signal at the end face of the circulator.
In the previous sections, we have provided experimental evidence of coherent and non-reciprocal photonphonon conversion for the SBS in silica microsphere. Therefore, the degenerated clockwise and counterclockwise acoustic modes can be written and read out coherently and independently. Benefit from these, we proposed a quantum memory of polarization encoded photon state. As depicted in Fig. 3(b) , the horizontal (vertical) polarized input photon state can couple to CW and CCW optical modes, store as the CW and CCW acoustic waves and read out, separately. Ideally, the input state as a superposition of polarization state α |H + β |V can be stored as superposition of circulating acoustic state α | + β | . As a reversal of the storage, the states are read out by converting to the photon state α |V + β |H after tens of microseconds.
The Brillouin scattering in the whispering gallery microresonators is advanced in several aspects. (a) The Brillouin scattering enables the optical coupling to acoustic wave with frequency range from few MHz to 11 GHz, providing a diversified platform for coherent light-matter interaction. (b) The triple-resonance configure can enhance the SBS, thus reduce the power consumptions. (c) The traveling wave properties bring the light nonreciprocity, thus potential for all-optical integrated nonreciprocal devices, such as isolator and circulator. Our studies pave the way towards the strong coupling between photon and acoustic phonon, and encourage further investigations of the non-reciprocity and memory at quantum level.
Note: During the preparation of this manuscript, a similar work has reported in the Conference on Lasers & Electro-optics [23] .
Method
Silica microspheres are fabricated by melting the tapered fiber with a CO 2 laser. Optical WGMs in the microsphere are excited through evanescent field of a tapered optical fiber with a tunable narrow linewidth (< 300 kHz) external-cavity laser at the 1550 nm band. The experiment setup is schematically illustrated in Fig.  1(c) . All experiments are performed at room temperature and atmospheric pressure.
The coupling strength between the tapered fiber and optical WGMs could be adjusted by changing the air gap between them, which was controlled by a high resolution translation stage. The output light is detected by a low-noise photo-receiver, which was connected to a digital oscilloscope to measure the transmission spectra or a spectra analyzer to find the Brillouin scattering modes. For the BSIT experiment, the laser beam is modulated by the EOM to generate sideband as the probe light. A network analyzer is used to generate the modulation signal of EOM, and also measure the spectrum density of beating signal, which corresponding to the emission power from WGMs.
The measurement of non-reciprocity is carried out by two separated AOMs, as shown in Fig. S2 . A Brillouin mode with ω a = 152.7 MHz is chosen to match the working frequency of the acousto-optic modulators (AOM 1 and 2). The writing and reading pulse array is generated by AOM 1, where a laser beam is frequency shifted by −80 MHz. The signal pulse is obtained by AOM 2, which is synchronization with the writing pulse but the frequency is shifted by +72.7 MHz. The power of writing and reading pulses are 1 mW and the power of signal is 20 nW. The duration of writing and reading pulse are 50 µs and 80 µs, respectively. The two pulses are separated by 3 µs as storage time. The forward and backward signal pulse are coupled into the fiber separately. The power of emitted light is measured from the spectra analyzer with gate detection mode, and the resolution bandwidth is 10 MHz. 
